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Introduction

77
Each atmospheric precipitation event is unique as far as its deuterium and oxygen 18 content are 78 concerned. As stable isotopes of the water molecule are nearly conservative, they preserve the 79 signature of atmospheric condition and carry it to the subsurface. Therefore, they can help reveal processes, flow regime, residence time and changes in climatic conditions (Clark & Fritz, 1997; 84 Zongyu et al., 2003; Mazor, 2004; Maduabuchi et al., 2006; Demlie et al., 2007; Bouchaou et al., 85 2009; Jirakova et al., 2009; Kumar et al., 2009) . In the context of confined reservoirs with 86 groundwaters revealing palaeorecharge and palaeoclimate conditions, several studies have been 87 carried out around the world (Zongyu et al., 2003; Edmunds et al., 2006; Zhu et al., 2007 , Jirakova 88 et al., 2009 Huneau et al., 2011) ; they pointed out the importance of palaeorecharge and also 89 difficulties in clearly delineating chronology and evolution of recharge history. These isotopes were 90 also used to study the dynamics of overexploited aquifers including the origin of water and the 91 hydraulic connectivity between superposed aquifers (Kamel et al., 2005 , El-Naqa et al., 2007 as 92 well as the origin and process of groundwater contamination in complex systems (Vengosh et al., 93 2002).
94
In Dakar, the Capital city of Senegal which concentrates about 23% (2,300000 inhabitants of the 95 total population) (estimation DPS, 2004 ) and large proportion of the industrial activities, water 96 supply is ensured by surface water piped from the Guiers Lake (250 km distant from the capital) 97 and groundwater resources. Among these, the Diass aquifer system contributes to a substantial 98 proportion (36%) of the total water supply distribution due to growing demand as consequence of 99 the rapid demographic growth.
6
This high demand and exploitation of the system coincided with the occurrence of drought 127 conditions since the 1970's where inducing deficit in groundwater replenishment as well.
128
In this system, due to the complexity of the structure and the substantial groundwater abstraction, 129 characteristics such as the hydraulic connectivity between the Palaeocene and Maastrichtian 130 aquifers (vertically and horizontally), the relative significance of present day recharge as well as 131 location of recharge zones need to be investigated.
132
The present study aims to improve our understanding of groundwater dynamics in order to foster 133 more appropriate groundwater management with regards to high exploitation in the Diass aquifer 134 system scale after 50 years of intensive pumping. Specifically, it intends to: (1) identify the 135 geochemical reactions that take place in the system, (2) infer origin and timing of recharge. This 136 will help to evaluate the recharge mechanism and system functioning needed for management 137 purpose in order to ensure sustainability of the groundwater resources with regards to demand and 138 water quality conservation. 
148
Rainfall spatial and temporal distribution is highly variable and since the 1970's, a rainfall deficit 149 occurs through most of the Sahel zone (Mahé &Olivry, 1995 , Paturel et al., 1998 2009) inducing deficit in groundwater replenishment (Aguillar et al., 2010; Madioune, 2012) as 151 well as variations of the hydrologic regime (e.g. Sircoulon, 1987; Hubert et al., 2007, Mahé et al., 152 7 2010). Potential and actual evapotranspiration (1977 to 2001) calculated from the Penman method 153 (Allen et al., 1998) are 2057 and 371 mm/yr, respectively (Madioune, 2012) . The hydrography of 154 the region consists mainly of lakes and fossil valleys ( Figure 1a ).
155
The geological structure of the system is updated using hydraulic and petroleum boreholes data
156
(271 in total), previous cross sections (Martin, 1970; Fall, 1981; Faye, 1983) and geological map 8
• the Mio-Plio-Quaternary sediments composed of clayey sand and laterites, they constitute the 178 top formations (Figure 1b ).
179
Hydraulically, the system is composed of two main aquifers namely the Maastrichtian (lower (Table 1) 191 (Géohydraulique & OMS, 1972; Arlab, 1983; Faye,1983; BRGM, 1988; Sarr, 2000) . In the (BRGM, 1971; IAEA, 1972; OMS, 1972; Faye, 1983; Travi, 1988) . 
Piezometry
237
Fifteen monitoring wells in the system record variably long term groundwater level since 1965.
238
They feature groundwater depletion in both compartments (Figure 3b, c, d, e) . By interpreting this regards to the pumping regime, three stress periods can be distinguished.
249
In stress period (1), which spans from 1971 to 1983, the groundwater regime is characterized by a 250 decline of the levels in the two aquifers. This is likely the result of a decrease in rainfall (37% from Maastrichtian is higher and seasonal fluctuations still occurred (Figure 4a (II, 1) ) but muted by 254 pumping effects.
255
The stress period (2), which spans from 1983 to 1992, corresponds to an increase of pumping in the
256
Maastrichtian and a decrease in the Palaeocene (Figure 4b (II, 2)); the hydraulic heads in the two 257 aquifers are relatively in equilibrium (Figure 4a (II, 2)) but are still both decreasing.
258
In the stress period (3), which spans from 1992 to the present day, pumping from the Maastrichtian 259 is almost constant and maintained at a high level ( Figure 4a , b (II, 3)) while it is reduced in the
260
Palaeocene (Figure 4b (II, 3) ). The general drawdown of the groundwater level has increased and an 261 inversion of hydraulic head between the two aquifers occurred; here, the Maastrichtian level 262 became lower than the Palaeocene (Figure 4a (II, 3)).
263
Due to the complex structure of the system into compartments in addition to the low density and Table 3 .
274
The average temperature increases with depth from 28.7°C to 32.3°C in the upper to the lower 275 aquifers, respectively. The average pH is relatively circumneutral and ranges from 6.6 to 8.3 in the 276 upper aquifer, 6.7 to 7.5 in the Palaeocene aquifer and 6.2 to 7.8 in the Maastrichtian aquifer. Takhoum areas (wells 24, 25, 28, 37, 40, 53, 56, 61, 73) in both the Palaeocene and Maastrichtian 284 aquifers.
285
Water types defined in the Piper diagram ( Figure 6 ) are Ca-HCO 3 (65%), Ca/Na-Cl (20%), Na-
286
HCO 3 (3%) and Na-Cl (12%). Freshwaters exhibit a dominant Ca-HCO 3 facies, Ca/Na-Cl,
287
Na-HCO 3 while for saline water, Na-Cl and Ca/Na-Cl facies occur.
288
The Ca-HCO 3 facies dominates and represents 65% of the samples. Figure   325 8a) close to that defined by Travi et al. (1987) and the Global Meteoric Water Line (GMWL)
326
( Craig, 1961) . This is an indication that rainfalls in Senegal are not evaporated during precipitation 327 due to short and heavy event storms occurring. Ultimately, the heterogeneity of the data shows some variability in patterns and recharge periods.
389
Therefore, it is conceivable to assume that groundwater in the aquifer system is of palaeorecharge 
Groundwater age and origin
394
Radioactive isotopes 3 H and 14 C were used to assess the age of water, recharge periods and probable 395 mixing in the system. The data used for the interpretation are those obtained in this study and from 396 previous studies (IAEA, 1972; Faye, 1983; Travi, 1988; RAF, 1998) (Table 4) .
397
Tritium is a valuable tracer for water flow and can give an indication of the relative age of waters 398 varying on a timescale of 50 years before present. It is a naturally occurring isotope of hydrogen not 399 affected by reactions other than radioactive decay. Detectable tritium concentrations in groundwater 400 evidence that recharge has occurred after nuclear bomb test (1952) (1953) 
415
In the upper aquifer, the detectable tritium contents -greater than 0.7TU (83%) and ranging from 1. leakage or inferred lateral flow from the potential recharge zones described above.
426
Carbon isotope ( 13 C and 14 C)
427
The limited carbon data obtained within this study were combined with existing data for age 428 calculation. Our dataset range for 13 C between -9.81 and -6.35‰ vs PDB and for 14 C between 7.08 429 and 48.57 pmc (Table 4 ) and are consistent with data from previous study which are -1.2 to -17.2‰
430
vs PDB for 13 C and between 0.1 to 70.8 pmc for 14 C.
18
Carbon data were recomputed using different age correction models and results show that ages occur in the system characterized by a predominance of carbonate dissolution, and therefore it is a 444 good approximation of the groundwater age of the water.
445
Our dataset give computed age between actual and 14,500 years BP, while age from previous 446 studies (IAEA, 1972; Faye, 1983; Travi, 1988; RAF, 1998) are from actual to 28,000 years BP 447 ( The radiocarbon and tritium groundwater age indicate that the majority of groundwater pumped in 510 the Palaeocene and Maastrichtian reservoirs in the aquifer system origins from paleowater.
511
However, the high pumping rates in both aquifers which induce vertical to lateral drainance as well 512 as mixing may blur the occurrence of present day rainfall infiltration. At Mbour, the tritium 513 contents (1 to 3.1 TU) and 14 C activities (48 pmc) observed respectively in the Quaternary and
514
Maastrichtian aquifers confirm the hypothesis of mixing with recent infiltrated water in this area.
515
On the other hand, in the Northern Pout pumping field, very low activities could be related to the 516 high pumping rate (44,500 m³/day) that induces lateral flow exchanges with the old waters from the 517 eastern part (Figure 12) M=Maastrichtian; W = Well; B = Borehole; R = Rainfall; S = Weather station; min=minimum; max=maximum; b.d.=below detection limit) Table 3   Table 4 : Physico-chemical, chemical (in mg/l) and isotopic parameters, saturation indexes with respect to calcite and dolomite (Q =Quaternary; P =Paleocene; M=Maastrichtian; W = Well; B = Borehole; R = Rainfall; S = Weather station ; N.Pout =Northern Pout ; Southern Pout; East = East of the study area) Table 4 31 Vulnerability problems with groundwater resources in Africa 736
